Abstract: A short review of recent theoretical advances in studies of the interaction between highly charged systems is presented. Such a system could not be described by the mean field theory. More advanced methods have to be used in order to introduce the correlations between highly charged particles. In this work I focus on the system of highly charged surfaces, separated by a solution of molecules with spatially distributed charge. Two different representations of the molecular shape will be considered: rod-like and spherical. The system will be theoretically described by the density functional theory. For sufficiently long molecules and large surface charge densities, an attractive force between like-charged surfaces arises due to the spatially distributed charges within the molecules. The added salt has influence on the condition for the attractive force between like-charged surfaces. The theoretical results will be compared with Monte Carlo (MC) simulations. Recent measurements with multivalent rigid rod-like particles will be discussed.
INTRODUCTION
In chemistry, technology, and biology, there are many phenomena which motivate the considerations of electrostatic interactions between charged macroions in a solution [1, 2] . Usually the macroions appear as charged surfaces of mica, charged lipid membranes, DNA, colloids, actin molecules, proteins, viruses, and even cells. The intervening solution always contains simple salt and often also multivalent ions. The role of multivalent ions in the solution can be played by multivalent metal ions, charged micelles, dendrimers, polyelectrolytes including polyamines, and DNA. These ions mediate the electrostatic interaction between charged macroions. Generally, multivalent ions are needed to induce an attractive force between like-charged macroions. For example, divalent diamin ions induce the aggregation of rod-like M13 viruses [3] . Multivalent ions mediate network formation in actin solutions [4] . The condensation of DNA is induced by the presence of multivalent counterions [5, 6] . Positively charged colloidal particles [7, 8] complex with DNA. Even the cohesion of cement paste is controlled by divalent calcium counterions [9] .
Many theories go beyond a simple Poisson-Boltzmann (PB) theory. The real ions are neither point-like nor can the solvent be regarded as passive and featureless. An extension of PB theory was made including ion correlations, charge images, and finite ion size. Many theories have been developed
THEORY
In order to examine the interaction between two macroions, we consider two parallel surfaces, separated by a distance D, which carry a uniform negative surface charge density σ. Between these surfaces is an aqueous solution containing charged, multivalent, rod-like, spherical, and point-like ions. Each rod-like or spherical ion carries two identical positive charges Ze, where e is the elementary charge and Z is the valency. The charges are separated by a fixed distance l. All charges are restricted to lie between the surfaces. A schematic diagram of the system is provided in Fig. 1 . We define our Cartesian coordinate system such that the y-axis and z-axis are parallel to the surfaces, and the x-axis is perpendicular to both surfaces. The origin is located on the left surface.
The electrostatic field of the system varies only along the x-axis, the normal direction between the two charged surfaces. We assume that there is no electric field behind each of the two charged planar surfaces (which is appropriate if inside the macroions the dielectric constant is much smaller than in the aqueous region between the surfaces). Rod-like or spherical ions are characterized by positional and orientational degrees of freedom. We describe them by referring to one of the two charges of each ion as a reference charge, denoting the local concentration of all the reference charges by n(x). The location of the second charge of a given ion is then specified by the conditional probability density p(s | x), denoting the probability to find the second charge at position x + s if the first resides at x. Thus the ion distribution function is defined as joint probability n(x,s) = n(x) p(s | x). Integration over all possible orientations gives
The free energy F in terms of thermal energy k B T and surface area A can be written as (2) where v is the effective volume of counterions and Ψ is the reduced electrostatic potential. The prime in Ψ '(x) denotes the first derivative with respect to the argument x. The Bjerrum length in water at a © 2012, IUPAC Pure Appl. Chem., Vol. 85, No. 1, pp. [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] 2013 Interactions between charged surfaces 17 If the solution is composed of rod-like or spherical counterions and monovalent salt (positive and negative point-like ions) the integral differential equation becomes (5) Where n si is a bulk concentration of the added salt, the sum runs over monovalent pointlike counter ions (i = +) and coions (i = -).
The boundary conditions are given at both charged surfaces (6) and (7) They are equivalent to the overall electro-neutrality of the system.
RESULTS AND DISCUSSION
Integral differential equations (eqs. 4, 5) have no analytical solutions. The following analysis is based on the numerical solution of integral differential equations (eqs. 4 or 5). First we examine the properties of divalent rod-like counterions confined between two likecharged surfaces separated by a distance D. Figure 2 shows the concentration of reference charges n(x) as a function of the distance from the left-charged surface x for three different lengths l of rod-like ions [46] . The inset of Fig. 2 shows the reduced electrostatic potential Ψ (x) as a function of the distance x from the charged surface. Theoretical results are compared against MC data. Figure 2 , left, shows the results for counterions only, whereas the right side shows the results for counterions and coions. The concentration of reference charges decreases with increasing distance from the left charged surface to the value in the midplane of the system. The discontinuous derivative of concentration of reference charges n(x) at x = l and x = D -l marks the orientational restriction of counterions close to the charged surface. For sufficiently long divalent rod-like counterions the comparison between the density func- 
tional theory and the MC simulations gives a good agreement. Also the non-continuous derivative of the concentration n(x) at x = l and x = D -l is reproduced by MC simulations [46] . We proceed with the profiles for spherical ions. For distances between the surfaces, which are comparable to the diameter of spheres, the charge density profile in the solution shows a single peak at each side (Fig. 3) . The spherical counterions, on the average, orient to form bridging between the charged surfaces [52] . For double diameter distances between the surfaces, we observe a peak in the middle which corresponds to "interdigitation" of the ordered counterions. Charges of spherical counterions of both layers contribute in the center of the system so a central peak in the charge density is © 2012, IUPAC Pure Appl. Chem., Vol. 85, No. 1, pp. [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] 2013 Interactions between charged surfaces 19 formed. For larger distances, we get two independent surfaces. The profile exhibits twin peaks close to both charged surfaces due to orientational ordering of spherical counterions with one charge closest to the charged surface. A very good agreement between the calculated density profile and the results of MC simulations is obtained [52] . Next we analyze the free energy and the pressure between like-charged planar surfaces. The osmotic pressure due to counterions between two like-charged surfaces can be calculated from the first derivative of the free energy with respect to plate separation p = -∂F/A∂D [46] . Figure 4 shows the free energy as a function of the distance between two charged surfaces for two different lengths of rod-like ions. The energetically most favorable situation is at the pressure equal to zero. The analysis of the conditional probability density shows that the energetically most favorable distance between the charged surfaces corresponds to the length of the rod-like counterions. At this distance between the surfaces there are two most probable orientations of divalent rod-like counterions: counterions that are oriented parallel and perpendicular to the charged surfaces. Other orientations of rod-like counterions are less pronounced. The parallel and perpendicular orientations indicate the tendency of counterion charges to be in contact with the negatively charged surface. For high surface charge densities, both preferred orientations are even pronounced. The counterions that are oriented perpendicular to the charged surfaces connect both surfaces and act as a bridge between equally charged surfaces. This bridging mechanism of rod-like charged counterions is responsible for the attractive interaction between like-charged surfaces.
We proceed with the electrostatic free energy for a system where the salt of monovalent ion is included. The minimized expressions for the electrostatic potential and ionic distribution function are inserted back into the free energy. Figure 5 shows the equilibrium free energy as a function of the separation between the charged surfaces for three different salt concentrations. The free energy first decreases with increasing distance D, reaches a minimum and than further increases with increasing distance D to a plateau value. The minimum in the free energy appears at the distances that are approximately equal to the length of rod-like ions. The increasing salt concentration has very large impact on the minimum. For sufficiently large salt concentration the minimum in the free energy disappears [45] . The reason is the screening of charged surfaces by monovalent ions [51] .
For small surface density of charge σ and small dimension of ions, the interaction is found to be repulsive for all distances between the charged surfaces. Large enough σ and l yield a non-monotonous behavior of the free energy with a minimum representing the equilibrium distance between the surfaces [45] . In the limit of very low surface charge density, the mixtures of rod-like counterions and coions between two like surfaces exhibit quite different behavior. At larger separations between the surfaces, we observed that two flat surfaces no longer interact with each other (the free energy is for D > l practically constant). For small distances, l < D, there is entropy loss of the mobile rods because of their interaction with both surfaces. The corresponding depletion attraction continues to dominate the system for weakly charged surfaces, leading to a minimum in free energy at very small separations between the surfaces [45] . For larger surface charge densities, the depletion minimum is absent. Generally we observe two minima in the free energy. The first minimum, located at small surface separations, corresponds to the depletion interaction and dominates at very low charged system. The second minimum, located roughly at D ≈ l, dominates the system for larger surface charge densities. This second minimum is distinct from the depletion minimum; it is electrostatic in origin and can be ascribed to a bridging mechanism as analyzed below (see Fig. 6 ).
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Fig. 6
Illustration of bridging between two charged surfaces induced by rod-like counterions. Reprinted with permission from ref. [6] . Figure 7 shows the conditional probability density as a function of the projection s of the rod-like counterions with respect to the x-axis [46] . Two different distances between the surfaces are considered. For large separation between the surfaces D, we observe an enhanced probability to find the second charge of the rod-like ion close to the macroion surface (see Fig. 7B ). Clearly then, the rod-like ions exhibit a tendency to align parallel to the macroions' surface. For D ≈ l (see Fig. 7A ), there are two regions of enhanced probability density, corresponding to the location of the rod-like ion's second charge close to either one of the macroion surfaces. Hence, our finding is that two different orientations are preferred, with the rod-like ion either parallel or normal to the macroions. It is the latter case that signifies the bridging transition.
The location of the bridging minimum in the free energy can be explained via analysis of the orientation of rod-like ions. At the distance between the surfaces equal to the length of rods, there are two most probable orientations of the rod-like ions: either oriented in parallel or perpendicular to the charged surfaces. Other orientations are less pronounced. The parallel and perpendicular orientations indicate the tendency for the positive part of rod-like ions to be in contact with the negatively charged surfaces. For high surface charge densities, both preferred orientations are even pronounced. The counter ions that are oriented perpendicular to the charged surfaces connect both surfaces and act as a bridge between equally charged surfaces. This bridging mechanism of rod-like charged counterions is responsible for the attractive interaction between like-charged surfaces [52, 62] . DNA packing in vivo is not only ion-dependent but is also governed by proteins. Proteins possess positively charged domains allowing nonspecific interactions with DNA. This type of interaction may be understood with the help figure. In B, the right charged surface is not shown due to large distance D. Reprinted with permission from ref. [46] . of a simplified model of two negatively charged surfaces (DNA molecules) in a solution of positively rod-like particles (proteins). We adopted some simplifications in our model. First, we did not take into account the excluded volume of rod-like ions. In the systems that we consider, the Bjerrum length is much larger than the size of the counterions (e.g., spermidine molecules). Consequently, the electrostatic repulsion between the counterions does not allow them to get close enough for them to interact through excluded volume forces. This justifies the neglect of the excluded volume interactions. Second, the correlations between different rod-like ions were not taken into account. Third, we did not consider the partial adsorption of rod-like counterions on the charged surface. Fourth, we assumed uniformly distributed charge on the surfaces. In these studies, only electrostatic interactions are taken into account.
Charged interacting surfaces appear in different biological systems. Typical examples are charged colloidal particles, proteins, micelles, lamellar liquid crystals, and silica particles. These particles are significantly larger than mobile ions in the intervening solution. The intervening solution contains charge-neutralizing counterions and also coions of the same charge sign as the surfaces. Derjaguin-Landau-Verwey-Overbeek (DLVO) theory predicts stable colloidal systems even though the solution contains monovalent ions [55, 56] . Replacing monovalent ions with divalent ones gives rise to attractive forces between colloidal particles, which was first observed for planar geometry [33, 57] and then also for isotropic systems [58] . The presence of effective attraction between macroions is required for a system to undergo phase separation [59, 60] .
The presence of polycentric multivalent ions enhances the attraction between like-charged particles. Oppositely charged short polyions cause aggregation of colloidal particles by bridging mechanism [61] , which was later confirmed by simulation studies [62, 63] and supported by theoretical approaches [64] . Complex multivalent ions with spatially separated charge are also common in biological systems. Short polyamines spermine and spermidine, which play an important role in DNA packaging, are such examples [65, 66, 69] .
Our study was motivated by a number of recent experiments, where the attractive interaction between equally charged macroions mediated by multivalent ions has been observed. The first observation of attraction between two highly negatively charged mica or clays was reported for the CaCl 2 solution [42, 67] . Further examples are the network formation in actin solutions induced by divalent ions Ba 2+ [4] . Attractive interactions between like-charged macroions can also arise through intra-ionic correlations, that is, correlations between the spatially separated charges of a single multivalent microion. A notable example is the ability of polyelectrolytes to complex oppositely charged macroions [68] as is observed for the condensation of DNA induced by cationic polymers [69] . The condensation of DNA can be induced by three-(four-) valent spermidines (spermines) [5, 6] . The aggregation of viruses can be induced by divalent diamin ions [3] . Direct experimental observations of attractive, polyelectrolyteinduced forces, based on the surface force apparatus, have also been reported [70] .
CONCLUSIONS AND OUTLOOK
In summary, we have developed a density functional theory for rod-like and spherical ions of arbitrary length, subject to an additional non-electrostatic external potential, which takes into account steric restrictions with the charged surface. The two interacting, like-charged, planar macroions reveal the possibility of attractive interactions, introduced entirely by correlations within the rod-like or spherical ions.
In the future, it would be also possible to study the influence of counterion valency and surface charge density for spherical ions on the interaction between like-charged surfaces. For rod-like ions, it was shown that the increased surface charge density is able to switch the bridging interaction into an attractive region at small surface separations [50] . This attraction is the result of charge correlations that become important for high surface charge densities and large ion valencies. These findings are the result of a self-consistent field theory, which treats the short-and long-range interactions of the counterions within different approximations. In the intermediate coupling regime, the multivalent rod-like counterions can mediate attractive interactions between the surfaces. For sufficiently long rods, bridging contributes to the attractive interaction. In the strong coupling limit, the charge correlations can contribute to the attractive interactions at short separations between the charged surfaces (Fig. 8) . Two minima can then appear in the force curve between surfaces.
